Optical trapping and manipulation of nanoparticles in integrated photonics devices have recently received increasingly more attention and greatly facilitated the advances in lab-on-chip technologies. In this work, by solving motion equation numerically, we study the trapping dynamics of a nanoparticle near a high-index-contrast slot waveguide, under the influence of water flow perpendicular to the waveguide. It is shown that a nanoparticle can go along different paths before it gets trapped, strongly depending on its initial position relative to the integrated waveguide. Due to localized optical field enhancement on waveguide sidewalls, there are multiple trapping positions, with a critical area where particle trapping and transport are unstable. As the water velocity increases, the effective trapping range shrinks, but with a rate that is smaller than the increasing of water velocity. Finally, the trapping range is shown to decrease for smaller slot width that is below 100 nm, even though smaller slot width generates stronger local optical force.
INTRODUCTION
Optical trapping of micro-and nano-particles has attracted much interest since the first demonstration of it by Ashkin et al. in 1970. 1 It has found wide applications in biophotonics, chemical sensing/monitoring, and microscopy. Later, the optical manipulation has been achieved in integrated photonics scenario, 2 which greatly extends the flexibility and dimensions of optical trapping and can be integrated easily with optofluidics devices, facilitating the capability of lab-on-chip technologies to a large extent. 3 Many integrated photonic structures have been proposed and utilized to realize particle transport, trapping, sorting and storage, such as waveguide, 4-7 resonator, [8] [9] [10] [11] photonic crystal, [12] [13] [14] [15] and plasmonic devices. 16, 17 Among these, nanophotonic devices with high index contrast provide high optical field confinement and enhancement, and thus strong optical gradient force. 18, 19 On the other hand, the high index contrast structure usually exhibits unique modal power distribution which forms complicated optical trapping potential wells. Nevertheless, the optical trapping design and analysis is performed in static case where the particle is assumed to be already trapped and the optical force is calculated accordingly. 19, 20 Then, the optical force and trapping stiffness are often used to evaluate device performance. However, there has been little reported on nanoparticle trapping dynamics, 21, 22 which tracks trajectories of particles in the optical field and flowing fluid. This would give us more insight into the optical manipulation and comprehensive performance of the device in practical applications.
In this paper, a dynamic model is established to illustrate the trajectory of a nanoparticle moving near a slot waveguide with a high refractive index contrast, in the case with the flowing water perpendicular to the waveguide. The optical field enhancement at the waveguide sidewalls produces trapping potentials that are comparable with that formed in the slot. The particle from different initial positions may go along different paths and be trapped by either the slot or waveguide sidewalls, determined by the competition between the forces produced at the slot, sidewalls and by the water flow. It is found that there exists a critical area where the particle transport is unstable, resulting in dramatically different trapping locations. The influence of the water velocity is examined, showing how water drag force competes with optical trapping potentials. The trapping range for different water velocities and slot widths is identified, which comprehensively illustrates how the nano-structured waveguides perform in real operation.
METHOD
The waveguide is shown in Fig. 1(a) , which consists of a nano-scale slot in the middle of the Si waveguide on SiO 2 substrate and is placed in a microfluidic channel. The waveguide height and width are 220 nm and 500 nm, respectively, and the slot is 50 nm wide. A 50-nm-diameter polystyrene particle is carried by water flowing perpendicular to the waveguide and is attracted to the waveguide due to optical force. 19 The refractive index of the particle is 1.59.
2 Continuous-wave laser light at 1550 nm wavelength is launched into the waveguide.
A particle moves in the channel under gravity F g , buoyant force F b , optical force F opt , water drag force F drag and Brownian force. Basically, its movement is governed by Newton's law, as shown in Eq. (1) . By solving it numerically, one can simulate particle dynamics. To simplify the problem, we treat the particle as a mass point and do not consider its rotation. Since we aim at high-sensitivity detection, the concentration of particle is low, and thus particles' diffusion effect can be ignored. The electric double layer (EDL) effect near waveguide surfaces 23, 24 can also be diminished by adjusting ionic strength of the fluid.
19, 20
Gravitational force is F g = −mg 0ŷ , and buoyant force F b = ρ m vg 0ŷ where ρ m is the density of water which is 1000 kg/m 3 , and v is the volume of particle. In order to calculate optical force, we need to know optical mode distribution. It is computed using a standard mode solver and is shown in Fig. 1(b) . The slot waveguide has strong field confinement and thus light intensity in the slot due to the electric field discontinuity of the TE mode at material interfaces. 18, 25 Similarly, there is also field enhancement on the waveguide sidewalls, with trapping potential wells formed, which can be strong enough to compete with that at the waveguide center.
The optical force of a particle is calculated based on Maxwell stress tensor 6 as given in Eq. (2) .
where I is isotropic tensor. We integrate the time-averaged Maxwell stress tensor over a sphere surface (with a radius that is larger than particle radius by 2 nm), which encloses the particle, 20 in order to avoid the possible problem introduced by the discontinuity of optical field at the particle surface (Eq. (3)).
We obtain the distribution of optical force at the waveguide top surface (e.g. 30 nm above) by changing the position of the particle, as shown in Fig. 1(d) . It is noted that F y is maximum at the waveguide center, while it forms two small peaks at the waveguide sidewalls which can also trap particles. One can determine whether particle is trapped at the center or the sidewalls by analyzing particle dynamics.
Then, we obtain the distribution of water flow. In general, water flow in microfluidics is assumed to be incompressible Newtonian fluid, so it is described by Navier-Stokes equation: where u is the velocity of water flow, p is the pressure, and µ is viscosity of water which is 1 × 10 −3 Pa·s. In microfluidics, due to the very low Reynold number, water flow is mainly a laminar flow. [20] [21] [22] The water velocity field can be simulated numerically using COMSOL Multiphysics. 'No-slip' boundary condition is used at the waveguide and channel surfaces, 21, 22 and we set the average water velocity to be u a as a variable in our model. Since the particle is very small, we assume the existence of particle does not affect the distribution of water velocity, which is calculated without particle in it, as shown in Fig. 1(c) . In this work, water flows perpendicular to the waveguide, with the main component of the water velocity being u x . We see from Fig. 1(c) that the velocity's main component is maximum at the channel center, and it is near zero at waveguide surface.
Since the radius of particle r p is 25 nm, the Reynold number of the particle, (2r p ρ m |u − v p |/µ), is around 10 −5 . 21 In this range, we can calculate the water drag force using the Stokes law:
21, 22, 26
Water drag force is proportional to the relative velocity between particle and water. However, if a particle is very small relative to the mean free path of water molecules, the water fluid can no longer be considered as a continuum. 27 To determine this, we can calculate the Knudson number, K n , of the particle, which is the ratio of mean free path and particle diameter. 27 In our case, K n is 0.006 which is around the critical point. In this range, the no-slip condition at the particle boundary in deriving Stokes equation is no longer true. Thus, we should use the Cunningham correction factor, C c , which is 1/(1+2.52K n ) = 0.9851, to multiply the drag force coefficient, to take the non-continuum effect of water into account. 
DYNAMIC ANALYSIS
Since the water velocity is perpendicular to the waveguide (flowing in the X direction), it generates drag force that tends to pull the trapped particle away from the waveguide. In this case, the magnitude of water velocity shows a great influence on particle trapping, which can be analyzed using the dynamic model. At first, the water velocity is fixed to 0.25 cm/s, we find out different trajectories of 50-nm particlesas shown in Fig. 2(a) , which are released from different initial X positions but the same height (100 nm above the waveguide top surface). For X 0 = -300 nm, outside the waveguide (two waveguide sidewalls are located at X = -250 and 250 nm), the particle overcomes the trapping potential at the waveguide edge under the drag force of the water flow and continues to move to the waveguide center, and finally is trapped in the slot. A particle with X 0 = -200 nm is carried by water and naturally trapped in the slot, while it is a little beyond expectation that a particle with X 0 = 50 nm moves against the water flow and is still trapped at the center. 266 nm. In contrast, since the trapping well near the sidewall is so weak that the particle with X 0 = 300 nm moves with the water flow without being attracted by the sidewall. We note that all the particles slightly move in the Z direction simultaneously, because of the optical scattering force.
Between X 0 = 50 and 100 nm, the particle changes gradually from the center trapping to the sidewall trapping. In Fig. 2(b) is the movement of the particle around the critical area where optical trapping becomes unstable. Initially, the particles follow similar trajectory and move towards the sidewall, carried by water flow. However, when the particle falls on the waveguide, depending on the sign of the total force (optical force plus water drag force), the particles may exhibit dramatically different trajectories even with only a slightly changed initial position by 0.1 nm (see black dashed and red solid lines). From the dynamic model, we can get more details in the force evolution in Fig. 2(c) . At the beginning, the optical force is negative, pointing to the waveguide center. However, since the height of the particle initially is high, the water velocity is also higher. Thus, particles move along with the water firstly. As the particle goes down and moves closer to the sidewall, the magnitude of the optical force decreases gradually, and at the same time, the water drag force is reducing due to the smaller water velocity. When the particle moves near X = 135 nm, F x is around -0.25 pN, which can balance the water drag force. If the particle is closer to the sidewall and the magnitude of optical force is smaller than 0.25 pN (red lines), the particle is trapped on the waveguide sidewall, because the water drag force is stronger, and the optical force gradually changes the direction. For the black lines, the F x overcomes water flow and the magnitude of it increases dramatically as the particle is attracted by the slot. Finally, the optical force is stabilized around -0.25 pN again, which together with water drag force generates zero net force.
Interestingly, there exists a state (e.g. X 0 = 99.2 nm) where the forces in the X direction from the slot, sidewall, and water balance with each other. Because of this, the particle has little movement in the X direction over a certain distance, while moving along the waveguide. However, this state is unstable, and the particle is finally trapped either by the slot or the sidewall if any deviation exists. Therefore, the movement direction and trapping location of a particle is determined by the competition among the two optical forces produced by the optical fields on the slot and sidewall and the force given by the water field. The dynamic model reveals the instability of particle transport around the critical area, which would become uncertain due to Brownian motion.
With the same initial position, the particle can also be trapped at different places if water velocity varies, as shown in Fig. 3 . For X 0 = -300 nm, when the water velocity is as small as 0.1 cm/s, the particle gradually approaches the trapping potential well around the waveguide sidewall, X = -250 nm. Differently, at water velocity of 0.2 cm/s, the particle flies over the trapping site first and then is attracted back while falling down, as shown in Fig. 3(a) . The dynamic model reveals that the optical force on the sidewall increases as the particle falls down and is stronger than the water drag force. If the water velocity increases further to 0.5 or 1.2 cm/s, the particle can overcome the potential well at the sidewall and be trapped at the waveguide center. We note that, if the water velocity is so large (e.g. 1.4 cm/s) that the particle cannot be trapped at the waveguide center, it will no longer be trapped at the other sidewall-induced potential at X = 250 nm. This is because the optical force X (nm) 6 
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.,. at the center is much larger than that on the sidewall, and once the water velocity is large enough to overcome the slot-induced optical force, the water drag force exerted to the particle will be stronger than the force on the other sidewall for sure. Thus, the particle finally flows away.
Then, we conduct another study, i.e., with X 0 = 100 nm. When the water velocity is small enough (red lines in Fig. 3(b) ), the particle is attracted towards the waveguide center. As the water velocity increases to 0.3 cm/s, the particle can escape potential well at the center and be trapped at the sidewall. As the water velocity is even larger (0.4 cm/s), the particle can no longer be trapped by the waveguide. Note that the water velocity at 0.246 cm/s is a critical point differentiating between the center trapping and the sidewall trapping, as shown in Fig. 3(b) . Similarly, the particle reaches the state that the net force in X direction is nearly zero, but it finally escapes this unstable state and is trapped at the sidewall.
It is indispensable to consider the trapping range of a device in practice, within which the particle can be trapped by the waveguide. Using the dynamic model, we find the trapping range for a slot waveguide with different water velocities in Fig. 4(a) . Particles between two red lines are trapped at the waveguide center, while particles between two adjacent red and black lines are trapped at two sidewalls. As the water velocity increases, the trapping range shrinks gradually. At a low water velocity (0.01 and 0.2 cm/s), the particle can be trapped at either the two sidewalls or the center of the waveguide. However, in the case of 0.2 cm/s, particle trapping requires a much smaller initial Y 0 . At a water velocity of 0.4 cm/s, the particle cannot be trapped at the right sidewall (X = 250 nm), since the drag force is larger than the maximum force on that sidewall. However, the particle can still be trapped at the left side, because the local water velocity is reduced by the left sidewall. As the water velocity increases further, e.g. 0.8 cm/s, the trapping range becomes even smaller (the particle has to be close enough to the waveguide in the vertical direction), and the particle can only be trapped at the waveguide center. Fig. 4(b) clearly shows how the trapping range changes with the water velocity. We only plot curves for the center trapping. It is important to note that, from 0.1 to 1.6 cm/s, the water velocity is doubled every time, but the interval between adjacent two lines is nearly equal. This means that the decreasing rate of the trapping range is smaller than the increasing speed of the water velocity. We attribute this to the fact that the waveguide is at the bottom of the microfluidic channel where the water velocity is relatively small due to the no-slip condition. The influence of doubling the water velocity is thus small too. Even when the average water velocity is increased to 3 cm/s, the particle can still be trapped to the slot as long as its height is <100 nm.
The dynamic model also enables us to examine the influence of the slot width on the trapping range. One usually uses the trapping stability, stiffness or the maximum force to measure the trapping ability of a device.
3, 20
In order to obtain a large force, we need a small slot width to have a large field enhancement factor inside the slot. However, using a small slot means that the optical force is localized to a small area, which reduces the trapping range. In other words, this is a trade-off between the optical trapping stability and the trapping range. Similar issues occur in other kinds of structures, such as the photonic-crystal-based optical traps. 13, 28 In Fig.  5 , the slot width is changed from 10 to 150 nm, and we see that the 100-nm slot has the biggest trapping range for the center trapping. As the slot width decreases, the trapping range shrinks. On the other hand, as shown in Fig. 5(b) where all the parameters are normalized by their maximum values, the optical force and stiffness of the 25-nm slot is the largest, and the influence of the slot width on the optical force and stiffness is bigger than the trapping area. Thus, one can choose a suitable slot width (like 50-nm slot in this case) to improve the trapping performance of a slot waveguide in terms of a large optical force and an optimal trapping area.
CONCLUSION
In this work, to understand the dynamics of a nanoparticle under the influence of the forces from the optical field of the nanophotonic waveguide and the water field, a dynamic model is established by numerically solving the motion equation. Due to the high-index contrast of the slot waveguide, there is strongly localized optical field enhancement on waveguide sidewalls, which have the potential to compete with the slot and trap nanoparticles.
The water flow is perpendicular to the waveguide and generates drag force that may overcome the trapping potential. Depending on its initial position, the nanoparticle can follow different paths before it becomes trapped, and shows multiple trapping sites. There exists a critical area between slot and sidewalls trapping, where the particle trapping and transport become unstable. The influence of water velocity is also analyzed and found to significantly affect the final trapping position of the particle. The effective trapping range gradually decreases with the increasing of the water velocity, but at a smaller rate. Finally, the trapping range starts to decrease when the slot width reduces to below 100 nm. Although a smaller slot width possesses a larger local optical force and stiffness, which guarantees stable particle trapping, one may have to use a relatively large slot width to increase trapping range.
